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The low-energy theorem (LET) prediction for neutral pion photoproduction on the proton
remains valid even if isospin symmetry is broken. All rescattering effects are implicitly taken into
account. Therefore, the data should not be corrected for final-state interactions in order to com-
pare with the LET. As a consequence of such a correction, the previously quoted discrepancy be-
tween the LET and the experiment is overestimated.

Gauge invariance and the hypothesis of the partial con-
servation of the axial vector current (PCAC) provide a
low-energy theorem (LET) for threshold photoproduction
of pions on a nucleon. ' The latest measurements of
the process yp z p near threshold seem to be in con-
tradiction with the LET prediction. This has been inter-
preted as a violation of PCAC (Ref. 4) and explanations
in terms of explicit chiral-symmetry breaking beyond
PCAC have been given (e.g. , Refs. 5 and 6).

In this paper we also focus on the reaction yp z p. It
is argued that the usually made assumption of isospin
symmetry, implying equal pion masses and equal nucleon
masses, is not necessary to arrive at a model independent
prediction at n threshold. The theoretical result remains
the same except for trivial changes like adjusting the ppz
coupling constant and the masses of the particles in ques-
tion, causing a small numerical change. An important
point discussed below is that all rescattering effects are
taken into account, including rescattering of a charged
pion. Therefore, possible remaining eAects directly at the
n threshold due to the "cusp" at z+ threshold, which
would vanish for perfect isospin symmetry, are included in

the LET. As a consequence, the data should not be
corrected for these final-state interactions (FSI) but com-
pared immediately with the LET prediction. Ho~ever,
in the recently presented experimental results for the
relevant En+ multipole, En+ = ( —0.5+ 0.3) x 10 /m +

(Refs. 2 and 3) and En+=( —0.35+ 0.1)x10 '/m, +, "
such FSI have been taken out in a (necessarily) model
dependent fashion. Apparently, other authors, for in-
stance Kamal, were unaware of this fact because they
treat the presented "experimental" result as if it includes
these FSI. As already pointed out by Nozawa, Lee, and
Blankleider any theoretical model including all FSI
should directly compare to the measured value En+
=(—1.5)x10 /m +. However, also in this work the
LET is interpreted as if it does not contain the FSI men-
tioned above. In contrast, here we stress that the LET in-
cludes all FSI and therefore, the disagreement between
data and LET,

En+ =(—2.2) x 10 /rn +=(—2.1)x10 /m o,

is much smaller than previously inferred.
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It might be useful to note that a direct measurement of
the Eo+ multipole at threshold is impossible because the
cross section vanishes at threshold. Some extrapolation is
unavoidable and moreover, LET does not yield a predic-
tion of the cross section above threshold where also other
multipoles contribute. However, the extracted Eo+ mul-
tipole at threshold can immediately be compared with the
LET result.

Let us discuss the possible implications of isospin sym-
metry breaking by following our recent derivation of the
LET. The earlier mentioned trivial mass changes will be
included from now on. As in the isospin symmetric case,
gauge invariance leads to the Ward-Takahashi identi-
ties, ' which relate electromagnetic vertex operators and
propagators of the particles involved. One has for a pro-
ton with initial momentum p and final momentum p'

(p' —p)"I ~=e[S '(p') —S '(p)l .

I „denotes the irreducible electromagnetic vertex operator
and S is the full proton propagator. The corresponding
relation for a neutral pion with initial momentum q and
final momentum q' reads

(q' —q) "I„=0. (2)

The right-hand side of the latter Ward-Takahashi identi-
ty, which would contain the full n propagator, vanishes
because it is proportional to the charge of the particle in
question. The total operator M„, describing the process
y(k)+p(p) z (q)+p(p'), is related to the z pp ver-
tex A5(p', p) by the generalized Ward-Takahashi identi-

ll

k"M (p', q;p, k) =e(S '(p')S(p' —k)A5(p' —k,p)
—Ag(p', p+k)S(p+k)S '(p)l .

(3)

By the use of these identities in the derivation of the LET,
gauge invariance has been enforced. Another ingredient
of this derivation is the PCAC hypothesis

tl"J5 =f,m '
y

where Jq „denotes the neutral axial current, p the neu-
tral pion field, and f, the pion-decay constant. ' It al-
ready includes chiral symmetry breaking eff'ects due to the
non-vanishing pion mass and can, therefore, be main-
tained as a hypothesis. Including the electromagnetic
field does not modify this relation to first order in the
charge. ' The validity of the PCAC hypothesis is sup-
posed to be tested in this reaction yp z p and the
discrepancy between LET and "experiment" has indeed
been interpreted as "evidence for PCAC violation. "
Crossing symmetry relations, previously imposed for the
isospin amplitudes, ' also hold for the amplitudes describ-
ing neutral pion production separately. Proper behavior
under space and time reversal, yielding relations for the
form factors, is an isospin independent condition. There-
fore, the general assumptions do not cause additional
problems in the case of isospin symmetry breaking.

However, we need to look into some more detail to the
actual derivation of the LET (Ref. 9) before any con-

elusive statement can be made. A division of all possible
contributions to the amplitude is made into a class A and
a class 8. This was introduced by Gell-Mann and Gold-
berger for Compton scattering. ' The class 2 terms are
defined as diagrams where the photon and pion vertex are
separated by a single pion or nucleon propagator. Class 8
is the rest and contains insertions into the pion-nucleon
vertex, isobar contributions, etc. We mention that both
classes include (charged and neutral) pion rescattering
contributions. Class A contains the nucleon and pion pole
contributions and as a consequence it is assumed that the
invariant Ball amplitudes' due to class 8 diagrams can
be expanded in a power series in the kinematical variables
v and v]

v= (p+p') k,1

2M

1Vl= q k.
2M 2

(s)

We will address this assumption below; here we only refer
to the caveat made in Ref. 9 in connection to the work of
Li and Pagels. ' Such an expansion is not possible for the
class 2 contribution because it is indeed nonanalytic. In
the isospin symmetric case the thresholds for neutral and
charged-pion production coincide and their nonanalytic
contributions (at least at the relevant values of the kine-
matical variables) are all contained in class A. If isospin
symmetry is broken the thresholds do not coincide because
m 0Am + and above the z threshold the z+ channel
opens. Class A terms, which may be nonanalytical, can-
not be shifted by this isospin symmetry breaking from
class A to class 8. In other words, class 4 diagrams
remain class A. Furthermore, we will argue that it is irn-
possible that a class 8 term is nonanalytic at x threshold
for different pion masses, while yielding an analytic con-
tribution for equal pion masses. This justifies the state-
ment that the recent derivation of the LET for neutral
pion photoproduction on the proton at threshold remains
valid if isospin symmetry is broken. From this derivation
it is clear that all FSI are contained in the LET predic-
tion. In other words, this procedure immediately yields
the total amplitude.

A violation of the LET, without disobeying the earlier
mentioned general principles, necessarily excludes the ex-
istence of the assumed Taylor series expansion of the class
8 contribution. A formal justification of this assumption,
made in Refs. 9 and 11, in Ref. 1 for the "non-Born part, "
and similarly in Ref. 14 in case of Compton scattering, is
indeed still lacking. Landau equations' in combination
with the method of majorization of diagrams', which
could provide conclusions about the analytical structure of
(classes of) diagrams, are not straightforwardly applic-
able because of the presence of zero-mass photon(s).
These techniques nevertheless indicate that if the assump-
tion is true for the neutral pion production on the proton
in the isospin symmetric case, then it will remain true in
case of isospin symmetry breaking. The reason is that the
mass of the charged pion and neutron is greater than the
mass of the neutral pion and proton, respectively. A
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Eo+ Eo+ +Eo+T B R (6)

where T, 8, and R indicates the total, Born, and rest am-
plitude, respectively. In calculating Born diagrams one
uses renormalized (physical) masses and coupling con-
stants. Consequently, these Born terms include part of the
FSI and one can interpret the rest amplitude as "remain-
ing FSI." Therefore, we do not use the somewhat confus-
ing notation (FSI) (Ref. 8) for the rest amplitude. In
general, this rest amplitude contains FSI contributions
from the z p channel and from the z+n channel. In the
isospin symmetric case the FSI contributions of both
channels vanish at threshold and the rest amplitude does
not contribute to the LET. For broken isospin symmetry
the z+n channel contribution is in general nonzero at z
threshold and, consequently, the Born result has to be
corrected to obtain the total amplitude. This corrected
Born result is then presented as the LET measurement
yielding the large discrepancy with theory. In contrast,
our preceeding statement is Eo+ =Eo+, with the ap-
propriate constants. Let us recall the isospin symmetric

consequence of isospin symmetry breaking may be that
the opening of the z+n channel above the n threshold
aff'ects the radius of convergence of the Taylor series in
question. Therefore, extrapolations of the LET predic-
tion above threshold into the cusp region may be cumber-
some. However, as is clear from the derivations (e.g.,
Refs. 1 and 9), the LET predicts the amplitude only at tt
threshold.

Finally, we want to point out why it is often (e.g. , in
Refs. 2-4, 7, and 8) falsely believed that the LET does not
contain all FSI in case of isospin symmetry breaking. It
arises from the fact that the isospin symmetric LET result
happens to be equal to the result which one obtains calcu-
lating Born diagrams using pseudovector (PV) pion-
nucleon coupling. The underlying strong interaction La-
grangian is isospin symmetric and —apart from the pion
mass term —chirally symmetric. The rescattering concept
is strongly coupled to Born approaches. Indeed if isospin
symmetry is broken one has to correct for rescattering in
the PV Born model. Let us illustrate this by writing,

result

E LET, i g [ 2lt + (3+ tc )lt 2]
16aM

(7)
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where g represents the ttNN coupling constant, g /4tt
=14.3, x~ the anomalous magnetic moment of the proton,
tc~ =1.79, and p the pion-nucleon mass ratio, p =m /M.
The PV Born result can easily be obtained from this equa-
tion by replacing g/M by f/m, with f /4tr=0. 08. The
well-known numerical result Eu+ = ( —2.3 ~ 0.3) x 10 /
m + is obtained for a mass ratio p =0.15. For broken iso-
spin symmetry the LET prediction does not change except
for a modified mass ratio p =0.14 and coupling constant.
Recently, the ppx coupling constant has been redeter-
mined by Bergervoet et al. ;' they found the value go/
4tr=13.55. The earlier quoted number Eo+=( —2.2)
&&10 /m, +=(—2.1) &&10 /m o, was calculated using
this value. The PV Born result does not change numeri-
cally. Estimating the remaining FSI contribution in the
PV Born approach yields Eo+=0.1 X 10 /m +. This is
even smaller than the result of Nozawa, Lee, and Blank-
leider, Eo+ =0.37&&10 /m +, which was obtained using
a dynamical model to account for the FSI. Note that
these FSI terms in the analyses of the data, Eo+
=(—1.0) x 10 /m +, are even of opposite sign.

%e summarize the results: the LET prediction for
Eo+(yp tr p) can immediately be compared to the ex-
perimental value. No FSI correction due to isospin sym-
metry breaking should be applied to the data because
LET already contains them. As a result the discrepancy
between theory and experiment is smaller than previously
inferred. This is not in contradiction with the fact that the
pure PV Born terms should be corrected for FSI if isospin
symmetry is broken.
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